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Study  region:  The  Cordoriri  watershed  and vicinity  in  the  Cordillera  Real,  Bolivia,  South
America
Study  focus:  Recent  warming  has  contributed  to substantial  reductions  in  glaciers  in  many
regions  around  the globe.  Melting  of these  glaciers  alters  the  timing  and  magnitude  of
streamﬂows  and  diminishes  water  resources  accumulated  in past  climates.  These  changes
are especially  acute  in regions  with  small  glaciers  and  problematic  for populations  rely-
ing on surface  water.  In  Bolivia,  most  glaciers  are  less  than 0.5 km2 and  about  2  million
people  draw  water  in part  from  glacier-fed  watersheds.  Sparse  monitoring,  however,  has
limited estimates  of  glacial  meltwater  contributions.  The  use  of environmental  tracers  is
one  approach  that  can quantify  the contributions  of glaciers.  We  present  isotopic  and  anion
data  for  streams,  reservoirs,  arroyos,  precipitation,  and  glaciers  for the  wet  and  dry  seasons
in 2010,  2011,  and  2012.
New  hydrological  insights  for  the region:  Glacier  meltwater  data  shows  distinct  seasonal  iso-
topic  values,  presenting  opportunities  for end-member  mixing  analyses.  From  isotopes,  we
estimate  31–65%  of  the  water  measured  in  high  altitude  streams  and  reservoirs  during  the
2011 wet  season  originated  from  melting  of  ice  and  recent  snow,  while  glacier  ice  con-
tributed  39–71%  of  the  water  in  reservoirs  in the  2012 dry season.  This study  demonstrates
that  more  comprehensive  sampling  in the region  could  quantify  the contributions  of  glacial
meltwater  and  nonglacial  sources  to surface  water  supplies.
© 2016  The  Author(s).  Published  by Elsevier  B.V.  This  is an  open  access  article  under  the
CC  BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Warming temperatures in recent decades have contributed to substantial decreases in the size of glaciers in many moun-
tain regions, including in the South American Andes (Bradley et al., 2006; Vuille et al., 2008; WGMS,  2009; Rabatel et al.,
2013). For instance, glacier area declined by 27% between the 1960s and 2000s in Peru’s Cordillera Blanca (Rabatel et al.,
2013), while glacier volume decreased by about 43% between 1963 and 2006 in Bolivia’s Cordillera Real (Soruco et al., 2009).
These glacial changes are altering the timing and magnitude of seasonal streamﬂows (Mark and Seltzer, 2003), which have
implications for tourism, agriculture, hydroelectric power generation, and water supply (Vergara et al., 2007).
∗ Corresponding author at: 1064 East Lowell Street, Room N422 PO Box 210137 Tucson, AZ, 85721, USA.
E-mail addresses: zguido@email.arizona.edu (Z. Guido), mcintosh@hwr.arizona.edu (J.C. McIntosh), papuga@email.arizona.edu (S.A. Papuga),
tmeixner@email.arizona.edu (T. Meixner).
http://dx.doi.org/10.1016/j.ejrh.2016.10.002
2214-5818/© 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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In the Andes, large regional populations obtain water from glacier-fed sources, underscoring the importance of glacial
eltwater to surface water supplies. It was estimated that more than half of the Peruvian population may  be affected by
uture changes in glacial meltwater (Magrin et al., 2007). Similarly, major Bolivian cities are vulnerable to changes in glacial
eltwater. More than 80% of the municipal water for the city of El Alto originates from reservoirs within glaciated watersheds
nd the adjacent city of La Paz also obtains a large fraction of their water from these reservoirs (Painter, 2007). Consequently,
round 2 million people living in these cities are at least partially dependent on a vulnerable water resource.
To quantify the vulnerability of Bolivian waters supplies to changes in glaciers, two recent studies estimated glacier melt-
ater contributions. Kinouchi et al. (2013) assessed a small watershed using a temperature index model. They concluded
lacial meltwater contributes 24% to total annual discharge. Soruco et al. (2015) estimated seasonal glacier runoff using a
ater balance model for four major watersheds in the region. They concluded that glaciers contributed 15% of the water
esources at an annual timescale, while contributions during the wet  and dry season were, on average, 14% and 27%, respec-
ively. These recent studies represent an important step forward. However, these approaches are limited by requirements
or meteorological data and discharge data in order to calibrate and verify models, data that is often lacking in remote areas
nd in developing nations.
Environmental tracers such as stable isotopes have been widely used to estimate water balance components (e.g. He
t al., 2001; Mark and Seltzer 2003; Mark et al., 2005; Mark and McKenzie 2007; Liu et al., 2008; Baraer et al., 2009; Burns
t al., 2011; Cable et al., 2011; Kong and Pang 2012; Frenierre and Mark 2014). An advantage of environmental tracers is
hey enable quantifying water source contributions in mixing analyses that do not rely on other detailed meteorological
easurements. While there can be challenges to generating realistic mixing model results (e.g. Rice and Hornberger 1998;
iu et al., 2004; Barthold et al., 2011), this approach is suited for remote and inadequately monitored regions, like Bolivia.
The Bolivian Andes has a large elevation gradient that causes precipitation to have different isotopic values depending on
he elevation in which it falls. Additionally, the region has distinct wet and dry periods that enable quantifying the contribu-
ions of the different water balance components at the seasonal timescale. While this setting suggests that environmental
racers could be effective at quantifying water balance components, they have not been applied in the region.
We therefore assess the applicability of using environmental tracers in end-member mixing models. We combine pub-
ished geochemical data from several sources and stable isotopic and major anion data we collected. We  report hydrogen
nd oxygen isotope and major anion chemistry for water samples from within and near the remote and difﬁcult to access
ondoriri watershed in the Bolivian Andes. This watershed contains several small glaciers that contribute water to the largest
eservoir in the region. We  estimated relative seasonal glacial and nonglacial contributions to surface water.
. Study area and regional context
The Condoriri watershed is located about 30 km north of the adjacent cities La Paz and El Alto near 16.5 ◦ S latitude on
he western side of the Cordillera Real, Bolivia (Fig. 1). The Cordillera Real is the eastern margin of the Bolivian Altiplano, a
arge intermountain plateau with an average elevation of about 3800 m above sea level (masl). Numerous mountain peaks in
he Bolivian Cordillera Real crest 6000 m,  with the highest peak in the Condoriri watershed reaching about 5700 m.  At high
levations in and around the Condoriri watershed, streams ﬂow over shallow glacial and ﬂuvial deposits overlying meta-
orphic and igneous rocks that contain sulﬁde minerals (Salvarredy-Aranguren et al., 2008). Outside the stream channels,
he terrain is steep and rocky, soils are shallow, and vegetation is limited to small shrubs and grasses. Many streams ﬂow
nto small alpine lakes and/or reservoirs.
There is distinct precipitation seasonality in the Bolivian Andes (Fig. 2). During the wet season between October–March
eriod (austral summer), easterly winds at the surface and aloft transport moisture is transported from the continental
owlands into the Altiplano (Vuille et al., 1998). In contrast, during the dry season between the April–September period
austral winter), the easterly winds are restricted to north of 10 ◦ S latitude and westerly ﬂow dominates to the South
Vuille, 1999). Consequently, about 83% of the annual precipitation measured in La Paz falls during the wet season, an
mount that is similar to other areas on the Altiplano (Garreaud et al., 2003). During this time, rain occurs in the Condoriri
atershed up to altitudes occupied the glacier, depending on the freezing line elevation of the storm. Rain can occur in the
egion during the dry season, usually in July and August, although these events are rare (Vuille, 1999).
Approximately 20% of the world’s tropical alpine glaciers are located in Bolivia (Kaser, 1999), and about 80% of these
ave an areal extent of less than 0.5 km2 (Francou et al., 2000). An assessment of a clear sky ASTER satellite image from June
004 shows 9 separate glaciers in the Condoriri Watershed with the largest approximately 1.7 km2 (Fig. 1). Bolivian glaciers
xperience year-round ablation, with wet season melting markedly higher than during the dry season (Kaser and Georges
999; Wagnon et al., 1999; Sicart et al., 2005). In the early stages of the wet season (November–December), elevated solar
adiation and low glacial albedo (which can persist from the dry season if precipitation is low) can cause high glacier melt
Ribstein et al., 1995; Wagnon et al., 2001; Sicart et al., 2011). As the wet  season progresses, snow accumulation increases
lbedo, but long-wave radiation emitted from clouds helps maintain melt (e.g. Sicart et al., 2005). During the dry season, melt
s reduced mainly because of a deﬁcit in long-wave radiation as a result of low emissivity of the thin, cloudless atmosphere
t high altitudes (Rabatel et al., 2013).
Bolivian glaciers have been retreating in recent decades and have experienced accelerated recession most notably since
980 (Ramirez et al., 2001; Rabatel et al., 2006; Rabatel et al., 2013). Soruco et al. (2009) estimated the total volume of 376
laciers in the Cordillera Real declined by 43% between 1963 and 2006.
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Fig. 1. Numbers and number ranges on the map  indicate the samples collected at each location. Sample numbers are referenced in Table 2 with their
corresponding data and year in which they were collected. The upper right image is an ASTER image from June 2004 and shows the areal extent of the
glaciers that contribute to the Condoriri watershed and Tuni Reservoir.
La Paz and El Alto residents obtain water from ﬁve reservoir systems that store about 46 cubic hectometers (hm3; Quispe,
2011). All reservoirs are located in close proximity to drainage divides. Glaciers provide water to the two largest reservoirs
Tuni and Milluni, which store approximately 24.7 and 9.5 hm3, respectively (Fig. 1; Quispe, 2011). The ﬁve reservoirs supply
about 75% of the water used by more than two million people in the urban areas of La Paz and El Alto (personal communication
René Espejo, Empresa Pública Social del Agua y Saneamiento, August 2010). Outside of urban areas, rural communities draw
water from a mix  of hand-dug wells, deeper groundwater wells, and streams.
3. Methods
3.1. Sampling campaign
We  used a synoptic sampling strategy in which we obtained water samples from a large number of locations over short
periods in order to provide snapshots of the spatial variability (Mark and Seltzer 2003; Mark et al., 2005; Mark and McKenzie
2007; Baraer et al., 2009). This approach has been economical and effective at revealing regional-scale hydrological processes
(Mark and McKenzie, 2007).
We collected 36 water samples between 2010 and 2012. Most samples were collected from within the Condoriri water-
shed (Fig. 1); samples taken outside it were from similar, adjacent watersheds to increase sample size during our limited
sampling periods and to further characterize spatial variability. We  present 11 samples during March 16–24, 2011, which
corresponds to the wet season. During the dry season in 2012, we  collected 22 samples between August 7–18. We  also
present 3 glacier samples collected in August 2010. We  collected all glacial meltwater samples within a few hundred meters
of the glaciers. During the 2012 dry season, we also sampled ﬁve low-ﬂow arroyos located at high elevations and not within
glacial-fed catchments.
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Fig. 2. (A) Daily temperature (black line) and precipitation data (grey bars) from El Alto averaged by month over the 1943 to 2012 period. The values for
temperature (C) and precipitation (cm) fall in the same range. Data obtained from the National Meteorological and Hydrological Service (SENAHMI) in
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solivia.  (B) Cumulative precipitation at El Alto during the three years in which samples were collected and during 1998–1999, a year in which cumulative
recipitation evolved similarly to 2011. Grey boxes correspond to the sampling dates. The hydrologic year starts in October of the previous year and ends
n  September of the current year.
Water samples were ﬁltered through a 0.45 m nylon ﬁlter and stored in 30 mL  glass vials for isotope analysis and 30 mL
lass or plastic vials for anion analysis. All sample containers were completely ﬁlled without headspace and stored in a
efrigerator at 4 ◦C and on ice in a cooler during transit from Bolivia to the U.S. prior to analysis.
Isotope and anion samples were processed at the University of Arizona’s Department of Hydrology and Water Resources.
xygen and hydrogen stable isotope ratios were measured by laser spectroscopy using the Los Gatos Research, Inc. DLT-100
iquid-Water Isotope Analyzer. The measurement precision for 18O and 2H is 0.2‰ and 0.5‰,  respectively.
Stable isotope results are presented in the standard -notation, which is relative to the Vienna-Standard Mean Ocean
ater (VSMOW). Anions were measured on a Dionex DX600 ion chromatograph with a precision of ±1%.
.2. Data sources
We  measured oxygen and hydrogen stable isotope ratios and major anion concentrations in glacial meltwater, streams,
mall arroyos, shallow groundwater, and reservoirs (Fig. 1). We  supplemented these data with oxygen and hydrogen isotope
ata from precipitation collected from nearby areas within the Bolivian Global Network of Isotopes in Precipitation (GNIP)
onitoring program that is no longer active. We  also used anion concentrations measured in the top 10 m of an ice core
ollected at the summit of the nearby Illimani massif spanning a period that does not overlap with our current samples. We
tilize data from GNIP and Illimani to compensate for bulk precipitation samples that were contaminated during collection.
We used oxygen and hydrogen isotope values of precipitation from three nearby GNIP stations: La Paz (4071 masl),
hacaltaya (5200 masl), and La Cumbre (4650 masl; Fig. 1; IAEA-WMO, 2006). These stations reported bulk monthly isotope
alues and precipitation amounts. Of the three GNIP stations, La Paz had the longest and most complete record, with 108
ear-continuous monthly measurements made between September 1995 and December 2004. Chacaltaya and La Cumbre
ad 14 and 12 monthly measurements, respectively, and were collected between January 1983 and February 1984. These
NIP stations were located within about 50 km of all collected water samples.
Because GNIP data records did not include anion concentrations, we derived bulk seasonal sulfate and chloride concentra-ions from the top 10 m of a shallow Illimani ice core following Knusel et al. (2005). The core was  extracted in 1998 from the
ummit of the Illimani massif in Bolivia about 70 km southwest of the study area (Ginot et al., 2002). The top 10 m spanned
n 11-year period between 1988 and 1998 (Ginot et al., 2002), overlapping part of the La Paz GNIP isotope record used in this
tudy. While sublimation can concentrate anions (Taylor et al., 1999; Gustafson et al., 2010), values were low in the ice core
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suggesting sublimation had a minimal affect. We  used these values to indicate concentrations in precipitation (snow) for the
wet season. We  did not use isotopes from this core because elevation substantially alters isotopic values, making them more
negative than precipitation measured at lower elevations as a result of the combined amount and temperature effects (Clark
and Fritz, 1997). While precipitation amounts can inﬂuence the wet deposition of anions, in the absence of precipitation
measurements, we considered anion concentrations in the ice core to be representative of values in precipitation over the
Condoriri watershed. Moreover, low anion concentrations measured in the Illimani ice core suggests that altitude had a
minimal concentration effect (see Results).
3.3. End member mixing models
To estimate the relative proportion of glacial and nonglacial sources contributing to reservoirs and streams, we  used a two-
component end member mixing analysis (EMMA) for isotopes and a 3 component EMMA  for anions. Mixing analyses using
environmental tracers rely on three assumptions: (1) end member values are distinct; (2) end members are characterized
accurately (including magnitude and variability at the timescale in question); and (3) post-depositional processes have not
altered isotope values or can be adequately characterized (Clark and Fritz, 1997). If these assumptions are met, the relative
proportion of the end members found in the mixed component can be estimated in both the two and three component
EMMAs by:
Cm = (F1xC1) + (F2xC2) (1)
Cm = (F1xC1) + (F2xC2) + (F3xC3) (2)
Cm, C1, C2, and C3 correspond to the concentrations of the environmental tracers in the mixed (m) and end member com-
ponents, respectively. F1, F2, and F3 are the fractional contributions of each end member to the mixed component and the
sum of the fractions of each component equals unity (Clark and Fritz, 1997). In our study, we measured the concentrations
in each component and solved Eqs. (1) and (2) for the contribution of glacial meltwater to the mixed component.
Isotope values of all mixing model components collected within a season were averaged to derive a seasonal estimate. For
precipitation, we created weighted wet seasonal averages for the October–March period by summing the product of each
month’s isotopic values and the fraction of that month’s annual precipitation. This approach presumed that all localized
variations in the isotopes were accounted for in the computation of the seasonal average. Furthermore, because we were
unable to directly collect precipitation we assumed that the isotopic and anion values derived from nearly 10 years of GNIP
and Illimani data were representative of values in our study period. We  attempt to account for some of this uncertainty by
developing two precipitation scenarios, one using the average of all the weighted averages in the GNIP La Paz record and
one using only the value from 1998 to 1999 which experienced the total accumulated precipitation most similar to 2011
prior to the sampling period.
4. Conceptual model: seasonal water balances and assumptions for mixing model sources
4.1. Deﬁnitions of mixing model components
The three possible sources to surface water within the Condoriri watershed during both the wet and dry seasons are
precipitation, glacial meltwater, and groundwater. Our deﬁnition of glacier meltwater is conﬁned to the water that drains
from the terminus of the glacier. Our sampling strategy precluded us from identifying the components of this water that
relate to the melting of old ice and recent snow and rain. Our usage of the term groundwater refers to the water routed
through the soil and unconsolidated materials near the surface. We regard deeper groundwater (i.e. water stored in bedrock
ﬁssures) as limited. In fact, numerous hydrologic balance studies in the Bolivian Andes have assumed groundwater storage
is negligible (e.g. Wagnon et al., 1998; Lui et al., 2012; Kinouchi et al., 2013). However, at the end of the dry season in
2010 and 2012, we observed water ﬂowing in small, isolated arroyos despite nearly no rain or snow in the preceding
months (Fig. 2b). We  consider the arroyo discharge to be shallow groundwater and assume that this represents the main
groundwater contribution to water in streams and reservoirs in both seasons (e.g. Wagnon et al., 1998; Mark and McKenzie
2007). The shallow groundwater in the wet season results from rain and snow inﬁltrating the surface sediments before
ultimately draining into streams and reservoirs. In the dry season, shallow groundwater continues to drain into streams and
reservoirs despite scant rain and snow, likely reﬂecting a lagged response to precipitation inﬁltrated into the ground during
the preceding wet season. Further supporting this assumption, Mark and McKenzie (2007) observed the altitude effect in
isotope samples collected from springs in the dry season across an elevation gradient in the Peruvian Andes. They proposed
that water from the preceding wet season was percolating through the near-surface deposits and feeding the springs.
4.2. Wet  season sourcesIn the wet season, we assumed three sources contribute to surface water—precipitation, glacial meltwater, and shallow
groundwater (Fig. 3). However, the isotopic signature of precipitation and shallow groundwater should be similar because
evaporation is reduced during the wet season (Wagnon et al., 1999; Nicholson et al., 2013) and thus the isotopic composition
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Fig. 3. Conceptual model of the glacial-hydrologic system in the wet  and dry seasons. Shallow groundwater is derived from precipitation and routed
through shallow, rocky soils before draining into streams and reservoirs via arroyos.
Table 1
The number of end member and mixed component samples used in the wet and dry season mixing models for both isotopes and anions.
End Members Mixed Components
Tracer Season Precip. Glac. Meltwater Shallow GW High Elevation Streams Reservoirs
Isotope Wet  (Mar 2011) 9a 3 – 7 1
Dry  (Aug 2012) – 10 5b – 7
Anion  Wet  (Mar 2011) 1c 3 7d 7 1
a Values correspond to weighted wet seasonal averages (October–March) at the GNIP La Paz.
b Samples collected from arroyos.
w
t
G
f
2
g
oc Derived from the top 10 m of the Illimani ice core; value averaged over 11 wet seasons, spanning 1988 and 1998 (Ginot et al., 2002).
d Samples collected from high elevations streams with highest Cl concentration determining end member; see Fig. 5.
ould not substantially change during through-ﬂow routing, particularly over short transit distances. Therefore, with respect
o isotopes, the end members of our 2-component wet season EMMA  were precipitation and glacial meltwater (Table 1).
lacial meltwater can be further subdivided into two components: water from recent precipitation (snow melt or runoff
rom rain) and water from the melting of glacier ice. Because glacial ablation is highest during the wet season (Sicart et al.,
007) and because Bolivian glaciers have been largely in negative mass balance in recent decades (Rabatel et al., 2013),
lacial meltwater in this season likely contains some fraction of melted old ice in addition to melted recent snow. However,
ur sampling design did not allow us to treat these two  sub-components separately.
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Table 2
Average and coefﬁcient of variation (CV) of isotope and select anion concentrations by season and source. The map  numbers are referenced in Fig. 1. Isotope
values  for precipitation are used for 2011calculations, while anions concentrations are used for both 2011 and 2012 calculations.
August 2010 March 2011 August 2012
Tracer Ave CV Map  # Ave CV Map  # Ave CV Map  #
Glacial Runoff
18O (‰) −13.88 −0.002 1, 2, 3 −19.22 −0.032 4, 5, 12 −16.16 −0.038 6, 7, 8,
2H (‰) −96.38 −0.007 −138.92 −0.023 −116.39 −0.043 9, 10,
SO4 (mg/L) 11.55 0.581 48.41 0.201 51.56 0.583 11, 13
Cl  (mg/L) 0.05 0.400 0.10 0.200 0.12 0.500 14, 15,16
Reservoirs
18O (‰) −14.35 25 −15.08 −0.046 22, 23,
2H (‰) −108.47 −112.23 −0.048 24, 26,
SO4 (mg/L) 27.47 21.93 0.318 27, 28,
Cl  (mg/L) 0.34 0.21 0.429 29
High  Elevation Streams
18O (‰) −16.79 −0.094 30, 31,
2H (‰) −123.34 −0.097 32, 33,
SO4 (mg/L) 24.51 0.487 34, 35,
Cl  (mg/L) 0.45 0.689 36
Arroyos (Inferred Shallow Groundwater)
18O (‰) −13.87 −0.199 17, 18,
 2H (‰) −107.58 −0.126 19, 20,
SO4 (mg/L) 40.85 1.176 21
Cl  (mg/L) 0.79 1.494
Wet  Season Precipitation
18O (‰) −14.83a −0.107a −13.62b
2H (‰) −106.04a −0.130a −94.24b
SO4 (mg/L) 0.40c 1.000c
Cl (mg/L) 0.06c 0.833c
The measurement accuracy of 18O and 2H are 0.2‰ and 0.5‰,  respectively. Anions measurement accuracy is +1%.
a Weighted wet season average (March–October) of all 9 years of data at the GNIP La Paz site.
b Weighted wet season average (March–October) for 1998–1999 at the GNIP La Paz site.
c Values from Illimani ice core that were average over the 11 wet  seasons spanning 1988 to 1998
For anions in the wet season, mineral dissolution and/or oxidation during through-ﬂow routing likely causes shallow
groundwater to have a distinct chemical composition from glacial meltwater and precipitation. Therefore, we  treated each
of the three components as distinct end members in this season and in a 3 component EMMA  (Table 1).
4.3. Dry season sources
In the dry season, we  assumed there were two  possible sources that contributed to surface water—glacial meltwater and
shallow groundwater (Fig. 3). Precipitation during this season is low (Fig. 2a). Although we  did not directly sample shallow
groundwater, we argue that the isotopic composition of arroyo water should be similar to shallow groundwater (e.g. Mark
and McKenzie, 2007) because arroyo water is likely sustained by the through-ﬂow of shallow groundwater, which itself is
replenished by precipitation in the preceding wet  season. Therefore, for isotopes, the end members of our 2-component
dry season EMMA were shallow groundwater and glacial meltwater (Table 1). The glacial meltwater component also likely
combines portions from the melting of older ice and melting recent snow (i.e. from the previous wet  season). As the dry
season advances, the fraction of melted old ice contributing to glacial meltwater likely increases because snow from the
preceding season is progressively lost. Again, our sampling design did not allow us to differentiate between melting old ice
and melting recent snow.
For anions, however, the concentrations in the mixed component and end members showed no systematic relationships
(see results), which precluded their use in an EMMA.
5. Results
We  describe the following results within the context of a mixing model analysis. The summaries of stable isotope and
major anion concentrations for all collected sources show distinct compositions for the various potential end members
(Table 2). The data was collected over two years (2011 and 2012) that represent distinct climatologies for the system (Figs. 4
and 5).
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tig. 4. (A) 18O and 2H values for individual samples for the two end member sources and mixed components for 2011 wet season. (B) The same as A but
or  the 2012 dry season. Averages and ranges of each source are also plotted. The local meteoric water line (LMWL) was derived from precipitation at the
a  Paz GNIP site.
.1. Isotope end members: glacial meltwater, precipitation, and shallow groundwater
Oxygen and hydrogen isotope values of the glacial meltwater in the wet and dry seasons were generally more negative
han the other sources, an expected result because glaciers form in colder climates (e.g. Merlivat and Jouzel, 1979; Clark and
ritz, 1997; Table 2). For the 3 seasons in which we  collected data, the 18O and 2H values of glacial meltwater samples
ell along or slightly above the local meteoric water line (LMWL) derived from the La Paz GNIP record, suggesting minimal
ublimation and/or evaporation. We  found this result questionable because water vapor losses are known to be high in
he region (Wagnon et al., 1999). The glacial meltwater samples more realistically fell below the LMWL  when applying a
MWL  derived from Chacaltaya and La Cumbre GNIP stations more representative of the higher elevations where glaciers
re located, suggesting sublimate and/or evaporation does play a role. The intraseasonal variability of glacial meltwater was
lso low (Table 2). The 18O values from 5 different glaciers (10 samples) collected in 2012 were all within 1.8‰,  while the
easonal ranges of 2010 dry season and 2011 wet season were less than 1.8‰
For the 2011 wet season, precipitation was the second end member (in conjunction with glacial meltwater). Weighted
et seasonal precipitation 18O averages at the La Paz GNIP station ranged from −18.16‰ in 2000–2001 to −12.80‰ in
997–1998, corresponding to seasons that received the most and least precipitation, respectively. These extremes also
orresponded to seasons in which a La Nin˜a and El Nin˜o event were present, respectively. More negative isotopic values are
ften associated with increased precipitation (Clark and Fritz, 1997).
In the 2012 dry season, the second end-member was shallow groundwater. Although we  stated shallow groundwater
hould be isotopically similar to precipitation in our study area, the isotopic values of these samples fell below the LMWL
nd were therefore indicative of being altered by evaporation (Fig. 5b). If these samples captured the actual variability of the
vaporative effect on the shallow groundwater, the average value used in the mixing model would be a valid estimate for
he seasonal value of groundwater and therefore would not affect the outcome of the mixing model. However, if our average
sotopic value underestimated the evaporative effect, then the mixing model would underestimate the relative contribution
f glacial meltwater, and vice versa.
.2. Isotope mixed component: streams and reservoirsDuring the 2011 wet season, the isotopic values of high elevation streams and reservoirs fell along the LMWL  (Fig. 5a),
uggesting minimal alteration from evaporation and/or sublimation. Even though sublimation and evaporation are high in
he region, they can be suppressed during this season due to higher atmospheric humidity (Wagnon et al., 1999; Favier et al.,
268 Z. Guido et al. / Journal of Hydrology: Regional Studies 8 (2016) 260–273Fig. 5. SO4 and Cl concentrations for the end member sources and mixed components. Cl concentrations for the 2012 dry season have a break in the x-axis.
2004; Nicholson et al., 2013). Moreover, the water may  have had reduced exposure time to evaporation as a result of short
travel distances of the glacial meltwater and precipitation routing through the landscape to the sample location.
In the dry season, the isotopic values of the reservoir samples fell below the LWML  (Fig. 5b). One explanation is that the
original reservoir 18O and D values could have been similar to glacial meltwater, suggesting that the reservoir water almost
entirely came from glaciers, and subsequently evaporated. Alternatively, the reservoir samples could be mixture of shallow
groundwater, which plots below the LWML,  and glacial meltwater. We  favor this interpretation because water ﬂowing in
arroyos, which we argue likely represents discharge of shallow groundwater, drains into streams that subsequently fed
reservoirs during the dry season.
5.3. Anions end-members: glacial meltwater, precipitation, and shallow groundwater
Sulfate concentrations in glacial meltwater in both wet and dry seasons of 2011 and 2012 averaged about 50 mg/L,
higher than all other sources (Fig. 5; Table 2). Elevated sulfate concentrations in glacier meltwater could have resulted
from high rates of erosion and chemical weathering caused by glacial scouring of the underlying igneous and metamorphic
bedrock (e.g. Mark and Seltzer 2003; Burns et al., 2011). For precipitation used in the 2011 wet season analysis, the average
sulfate concentrations measured in the top 10 m of the Illimani ice core was  0.40 mg/L. For the 2012 dry season, sulfate
concentrations in the shallow groundwater averaged 41 mg/L, ranging from 2 to 120 mg/L. Sulfate concentrations in the
shallow groundwater may  have been higher than in precipitation because of sulfate mineral dissolution or sulﬁde oxidation
reactions that occurred as precipitation percolated through the sediments—the local geology is known to contain sulﬁdes
(Salvarredy-Aranguren et al., 2008). Higher concentrations likely are not a result of evaporation as the highest SO4 values in
the shallow groundwater are not the most enriched in 18O and the SO4/Cl ratios of shallow groundwater are about six times
higher than precipitation. Moreover, Cl concentrations are similar and low for all of the water sources. The large variability
in the concentrations of SO4 in shallow groundwater (coefﬁcient of variation equal to 1.176; Table 2) could be explained by
routing differences that caused the shallow groundwater to be in contact with sediments of different mineral compositions
and/or for different durations. The low Cl concentrations suggest limited that salt deposition and concentration.In the 2011 wet season, chloride concentrations in precipitation and glacial meltwater were between 0.07 and 0.12 mg/L
(Fig. 5a). While chloride concentrations in glacial meltwater samples during the 2012 dry season were similar, ranging
between 0.06 and 0.22 mg/L, samples collected from shallow groundwater exhibited a large range, spanning 0.04 to 2.83 mg/L
(Fig. 5b). The high chloride concentrations in shallow groundwater could have resulted from the mobilization of chloride
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Fig. 6. Contributions of glacial and nonglacial runoff estimated from isotope and anion concentrations in a 2-component isotopic EMMA  under three
scenarios and a 3-component anion EMMA.  Analyzing all possible combinations of the end members and mixed components develops the wet season
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acenario 3 and dry season scenario 2. The averages and ranges of these scenarios are quantiﬁed from only the plausible glacial contribution values (e.g.
alues that are between 0 and 100%). Ranges are + 1 standard deviation. For the SO4-Cl model, contributions of precipitation and shallow groundwater to
onglacial meltwater were 40% and 44%, respectively.
n the sediments as water routed through the landscape; chloride is likely deposited in the Condoriri watershed during the
ry season when prevailing westerly winds rake across large salt ﬂats to the southwest and redeposit the salts across the
ltiplano (Knusel et al., 2005).
.4. Anion mixed component: streams and reservoirs
In the 2011 wet season, sulfate concentrations in streams and reservoirs were plotted between precipitation and glacial
eltwater (Fig. 5a). Chloride concentrations exhibited a large range of 0.11–0.91 mg/L and concentrations in most streams
ere greater than those measured in precipitation and glacial meltwater. The elevated concentrations suggested a third end
ember, with high Cl and mid-range SO4 concentrations. Although we  did not measure shallow groundwater in the wet
eason, we inferred it to be the third end member because shallow groundwater contained elevated chloride concentrations
n the dry season. We  used the sample with the highest chloride concentration to represent the shallow groundwater end
ember.
In the 2012 dry season, sulfate and chloride concentrations in streams and reservoirs generally were between end member
oncentrations of both glacial meltwater and shallow groundwater (Fig. 5b). However, substantial variability in the end
embers caused overlapping ranges that rendered a two-component mixing model inappropriate for both tracers. In tracer
pplication studies it is common for some tracers to work while others do not for numerous reasons (e.g. Barthold et al., 2011),
ncluding tracers that do not act conservatively and/or inaccurately characterized variability in the tracer concentrations.
. Discussion
Our intention in this study is to demonstrate that even with limited sampling our results are similar to those reported
sing other methods and to report new data that can lay the foundation for future studies. We  acknowledge there are several
imitations to a mixing analysis using data previously discussed. The limitations principally derive from a less-than-desired
umber of samples and precipitation data that we did not collect. This forces us to used information from outside the study
rea and not aligned in time with our samples. More thorough geochemical and isotopic studies will better constrain the
nd members.
With these limitations in mind, we address some of the uncertainty associated with the precipitation data being tempo-
ally different than the other sources. For the 2011 wet  season mixing model, we developed two  scenarios for the precipitation
nd member. Scenario 1 uses the average of the nine GNIP weighted wet seasonal averages, while scenario 2 uses only the
999 weighted wet season average. The year 1999 was  selected because its temporal precipitation patter was the most
imilar of all 9 years to that of 2011 prior to the sampling period (Fig. 2b). The calendar date (because it relates to ambi-
nt temperature) and the amount of precipitation can affect the isotopic values in rain and therefore could inﬂuence the
eighted seasonal averages (Clark and Fritz, 1997).
Additionally, to create an estimate of the uncertainty range for the isotopic models, we  treat each measurement as a
lausible value for its corresponding end member and mixed component for both seasons; we report these as the third
nd second scenarios for the wet and dry seasons, respectively (Fig. 6). For 2011, there are 216 different mixing model
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Fig. 7. Uncertainty ranges for the seasonal contributions of glacier meltwater derived from assessing all possible combinations of the end members and
mixed components. The averages and ranges are quantiﬁed using only the plausible glacial contribution values (e.g. values that are between 0 and 100%;
see  text). Ranges are +1 standard deviation.combinations, of which 72% and 74% led to valid values for the glacial contribution that ranged between 0 and 100% for
18O and 2H, respectively. For the wet season, there were 350 different combinations of which 59% and 43% produced
valid glacial contributions for 18O and 2H, respectively. We  compute the average of the valid values and use the standard
deviation to develop an uncertainty range (Fig. 6). For the wet season, the range for the glacial contributions was  between
31% and 65%, depending on the isotope. For the dry season, the range fell between 39% and 71%.
6.1. Evidence for substantial surface water contributions from glacial meltwater
The isotopic mixing model for the 2011 wet season suggests that between 38 and 47% of the water measured in high
elevation streams and reservoirs originated from within the glacial margins when using the average of the nine weighted
wet seasonal averages from the GNIP La Paz station as the precipitation end member (Fig. 6). The contribution of glacial
meltwater increases to 51–61% when using the weighted wet season average from 1998 to 1999. This year experienced a
similar temporal pattern as the precipitation that fell prior to our sampling in 2011.
Using sulfate and chloride concentrations in a three component EMMA  for the 2011 wet  season generated glacial meltwa-
ter contributions of ∼16% and the nonglacial meltwater contribution is 84%, which consists of 40% and 44% for precipitation
and shallow groundwater, respectively (Fig. 6). Because we  used the highest measured chloride concentrations to represent
the shallow groundwater end member, we may  have underestimated the real value of this end member. Higher chloride
values would increase the glacial meltwater contribution, and would make these estimates closer in value to those from the
isotopes.
On the other hand, sublimation and increases in precipitation due to orographic affects would both enrich anion concen-
trations in ice (Taylor et al., 1999; Gustafson et al., 2010). However, the average sulfate and chloride concentration measured
in the Illimani ice core was 0.4 mg/L and 0.05 mg/L, respectively. Any concentration of sulfate (at most 0.4 mg/L) and chloride
(at most 0.05 mg/L), therefore, would have decreased the glacial runoff contribution up to a maximum of 2%. These estimates
presume that sulfate and chloride are conservative, whereas non-conservative behavior of sulfate in a glaciated watershed
has been observed (Fortner et al., 2011).
In the dry season, sublimation and/or evaporation are evident in the glacial meltwater samples; all isotopic values fall
slightly below the LMWL  deﬁned by higher elevation GNIP sites. This is expected because sublimation is often highest in
the dry season when vapor pressure deﬁcits are larger (Sicart et al., 2007). A larger number of samples would help increase
conﬁdence that the value we use to represent glacial melt accurately describes the seasonal average. Given our data, glacier
meltwater contribution is roughly 50% for this season and we estimate the uncertainty has a range of 39–71% (Fig. 7).
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.2. Dry season estimates reﬂect melting of ice accumulated in past climates
We  sampled in the dry season in 2012 after about four months of almost no precipitation (Fig. 2b). Given this, and the
act that glaciers in the region are in negative mass balance (Soruco et al., 2009), the dry season glacial meltwater estimate
ikely reﬂects, to a large degree, water melted from ice accumulated in past climates. The reservoirs, however, integrate
nﬂow from multiple seasons, muddling interpretation from two  countervailing sources of uncertainty. On the one hand,
ater within the reservoir whose origin came from the wet  season likely makes the overall reservoir isotopic value less
egative. This is because both glacier meltwater and nonglacial sources during the wet season have less negative values
han dry season values. Under this scenario, the glacial meltwater contribution we  derived is an upper limit. On the other
and, the reservoir samples display some evaporation that causes a lower estimation of the relative contribution of glacial
eltwater. Future studies could employ a sampling protocol that better constrains the relative amount of meltwater derived
rom deposited snow and ice and older ice.
.3. Similarity to other regional water balance analyses
Despite some limitations to the sampling design, our estimates are similar to the results of the two water balance studies
ocated close to our study area. Kinouchi et al. (2013) reported glacier ice melt contributes about 24% of the annual total
treamﬂow in the western headwater catchment of Huayna Potosi several kilometers to the southeast of the Tuni Reservoir.
t a seasonal resolution, Soruco et al. (2015) estimated that during the 1997–2006 period, glaciers contribute about 20% in
he wet season and 40% in the dry season to surface water within the Tuni-Condoriri watershed. It is also worth noting that
ur estimates are similar to results from studies in Peru, where glacier melt comprised between 30% and 45% of the total
nnual stream discharge in two small watersheds during 1998–1999 (Mark and Seltzer, 2003) and amounted to 40% of the
ry-season discharge of the Rio Santa (Mark et al., 2005).
.4. Research design recommendations
It is encouraging that the glacier meltwater proportions we  report are similar to values estimated from different
pproaches. We  therefore conclude that environmental tracers offer a promising way  to estimate glacier meltwater changes
n this region. Based on our experience, a number of research design improvements can be made. First, oxygen and hydro-
en isotopes and sulfate and chloride anions often exhibit large spatial and temporal variability, and show indications of
igh variability in this study. While we assumed the variability of each water source component was accurately captured,
uture work should systematically assess both temporal and spatial variability. This approach would enable more conﬁdent
ssessments of the end members, the assumptions, and the uncertainty in results. Secondly, future studies should collect
recipitation samples, ideally across an elevation gradient, and not rely on GNIP data collected from the past as we did.
hird, sampling streams in lieu of reservoirs can help minimize evaporation in this mixed component, which can introduce
ncertainty in the results. Fourth, sampling routinely over a long period would help determine temporal trends and enable
he selection of the most appropriate bulk value. Our sampling scheme, on the other hand, captured only a snapshot in time.
e were, therefore, unable to determine if any trends in isotopic values of glacial meltwater during the course of the season
ould impact the mixing analysis results. This is potentially important because other studies have shown that isotopic val-
es of snow melt can become more positive with respect to bulk values as the melt season progresses (e.g. Liu et al., 2004).
f this were the case in our study in both seasons, the glacial meltwater contribution would likely be overestimated because
e collected the samples at the end of the seasons (Fig. 2b). Finally, sampling ice/ﬁrn from the surface of the glacier during
he dry season and snow from the surface of the glacier in the wet season, in addition to the water ﬂushing from the toe
f the glaciers in both seasons, would enable a mixing analysis to quantify the components of the meltwater related to the
elting of older ice and recent snow.
. Conclusion
Small alpine glaciers are highly sensitive to climate changes and with continued regional warming are threatened dis-
ppear (Bradley et al., 2006). In regions where substantial contributions to water supplies are made by small glaciers,
ontinued glacier retreat could produce substantial changes in seasonal water supplies and, therefore, have large societal
mpacts. Mountainous regions, however, are difﬁcult to access and study. Consequently, monitoring at high elevations is
nderrepresented globally (Viviroli et al., 2011) as well as in Bolivia (Vuille et al., 2008). In lieu of maintained monitoring
etworks, environmental tracer applications are one of many methods that can help build spatial and temporal datasets
eeded to study environmental change (e.g. Vuille et al., 2008). As a step in this direction for the Bolivian Andes, we used
table isotopes and sulfate in a two and three component EMMA  to show that glacial meltwater contributed between 16 and
1% of the water in streams and reservoirs during the 2011 wet  season and 53% to reservoirs during the 2012 dry season in
ountain catchments in Bolivia. These results are similar to those provided by others approaches (e.g. Kinouchi et al., 2013;
oruco et al., 2015).
We estimate that a reasonable approximation of the glacial meltwater contribution in both seasons is about 50%. Because
recipitation was negligible in the dry season, the 50% estimate likely reﬂected to a large degree the contribution from
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the melting of older ice. This estimate may  therefore be the result of proportional reduction in dry season water supply
if glaciers in the Condoriri watershed completely disappear. The wet season estimate, on the other hand, combined melt
contributions from recent precipitation and older ice. This research provides supporting evidence that glacial meltwater
makes substantial contributions to both wet and dry season surface water supplies. Furthermore, the results suggest that
environmental tracers can be a suitable approach to measure water source contributions in this region, and may  also be
advantageous in other regions where adequate data is not available.
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